A study of the biogenic polyamines spermidine and spermine, as well as of the diamines H 2 N(CH 2 ) n NH 2 (n ) 2-10 and n ) 12), was carried out by both inelastic neutron scattering (INS) and Raman spectroscopies, for both their undeuterated and N-deuterated forms. Ab initio density functional theory (DFT) methods were also used, to obtain the calculated vibrational spectra of those molecules. A thorough vibrational analysis was performed, leading to the assignment of the solid-state spectra, both Raman and INS, of the polyamines studied, comprising all their longitudinal acoustic modes (LAM's).
Introduction
Polyamines are found in millimolar concentrations in most living cells (where they result from the decarboxylation of basic amino acids). They are intrinsic polycations essential for cell growth and differentiation. [1] [2] [3] [4] [5] [6] In particular, putrescine (1,4-diaminobutane, H 2 N(CH 2 ) 4 NH 2 ), which is the first biogenic amine in the polyamine pathway, biosynthesised from arginine and the precursor of spermidine (H 2 N(CH 2 ) 3 NH(CH 2 ) 4 NH 2 ) and spermine (H 2 N(CH 2 ) 3 NH(CH 2 ) 4 NH(CH 2 ) 3 NH 2 ), is widely distributed in both prokaryotic and eukaryotic cells. On account of absolute polyamine requirement for cell growth, interference with polyamine biosynthesis can be a rather promising therapeutical approach against proliferative diseases. In fact, an increased rate of those biosynthetic reactions has been unequivocally demonstrated in malignant processes. [7] [8] [9] [10] [11] Also, deregulated polyamine biosynthesis is a well recognized characteristic of animal and human cancers. 12 Moreover, it was verified that linkage of some of these molecules to previously tested anticancer drugs leads to a higher cytotoxic effect 13 and, in some cases, even to an enhancement of the efficacy of the long used first-generation drug cisplatin (cis-diaminedichloroplatinum(II)). The antitumor effect of polyamines and some of their metal complexes (e.g. Pt(II) or Pd(II)) is thought to be due to DNA rearrangements induced by binding of these compounds, which is strongly conformation dependent. However, the exact nature of the biochemical mechanisms underlying this biological activity is still unknown.
The conformational preferences of alkylamines depend on different factors, from steric, dipolar, and hyperconjugative effects to the relative importance of intra-vs intermolecular interactions, namely hydrogen-bond type close contacts, which were shown to have a determinant stabilizing role in linear amines. [14] [15] [16] There is presently no published work, at a molecular level, leading to a knowledge of the structure-activity relationship of such biologically relevant molecules. However, this would be of the utmost importance for understanding the biochemical mechanisms through which they act in living organisms, either in the regulation of normal cell growth and differentiation or in the cytotoxic effect of third-generation polyamine-derived anticancer drugs. Apart from a Raman and IR study reported on spermidine and spermine interactions with hydrochloric and phosphoric acids, 17 only a preliminary assignment of the Raman spectrum of putrescine (in aqueous solution) is available. 18 A conformational analysis of the small, linear amines 1,2-diaminoethane, 19 1,3-diaminopropane, 20 and 1,4-diaminobutane (putrescine) 21 by either ab initio calculations or Raman spectroscopy, will prove very useful as a model in the present study of the larger analogues.
INS is a well suited technique for the study of hydrogenous material. Indeed, since neutrons have a mass similar to that of the hydrogen atom, an inelastic collision between them involves a significant transfer of both momentum, Q (Å -1 ) and energy to the irradiated sample. The scattering cross-section, σ, which is a characteristic of each element and does not depend on its chemical environment, is 80 barns for hydrogen as opposed to 5 barns for most other elements. Therefore, the modes involving a significant hydrogen displacement will dominate the spectrum. The intensity of each molecular vibrational transition (I i ) follows the equation where, for each vibrational mode, i, U i stands for the amplitude of vibration of the atoms in this mode and U total represents the total amplitude of the atom in all the modes. The exponential term, exp(-Q 2 U total 2 ) is the well-known Debye-Waller factor, and to reduce its impact on the observed intensity the samples are cooled below 50 K.
The LAM's n (longitudinal acoustic modes with n nodes) are low-frequency modes detected between ca. 50 and 600 cm -1 , corresponding to in-plane expansions or contractions of all the CCC and CCN bond angles. The full longitudinal acoustic mode INS spectrum of a linear alkane was first determined for octadecane 22 and the whole set of LAM's for the 5-25 n-alkanes have been recently observed and assigned. 23 The spectral region † Dep. Bioquímica, Universidade de Coimbra. ‡ Unidade I&D "Química-Física Molecular", Universidade de Coimbra. § The Rutherford Appleton Laboratory.
below ca. 200 cm -1 contains mainly out-of-plane tranverse acoustic modes (TAM's), which will not be discussed in this work.
In the present work, a study of the homologous series of R,ω-diamines (H 2 N(CH 2 ) n NH 2 ) (n ) 2-10 and n ) 12), as well as of the polyamines spermidine (H 2 N(CH 2 ) 3 NH(CH 2 ) 4 NH 2 ) and spermine (H 2 N(CH 2 ) 3 NH(CH 2 ) 4 NH(CH 2 ) 3 NH 2 ), was undertaken by vibrational spectroscopy (Raman and INS) combined with ab initio DFT calculations. The N-deuterated forms of those molecules were also studied.
Experimental Section

INS Spectroscopy.
The INS spectra were obtained in the Rutherford Appleton Laboratory (Chilton, United Kingdom), at the ISIS pulsed neutron source on the TOSCA spectrometer. This is an indirect geometry time-of-flight, high-resolution ((∆E/E) ca. 2%), broad range spectrometer (more details are available elsewhere 24 ). Solid compounds (2-3 g each) were wrapped in aluminum foil, while the liquids were placed in thinwalled aluminum cans, which filled the beam. The samples were cooled to ca. 20 K. Data were recorded in the energy range 16-4000 cm -1 and converted to the conventional scattering law, S(Q,ν), vs energy tranfer (in cm -1 ) through standard programs. 
Raman Spectroscopy.
The Raman spectra performed at room temperature were obtained on a Spex Ramalog 1403 double spectrometer (focal distance 0.85 m, aperture f/7.8) equipped with holographic gratings of 1800 grooves‚mm -1 and a detector assembly containing a thermoelectrically cooled Hamamatsu R928 photomultiplier tube. The spectrometer operated with slits of 320 µm and 1 cm -1 s -1 . Below room temperature (ca. 220 K), a homemade Harney-Miller type assembly was used, in a triple monochromator Jobin-Yvon T64000 Raman system (0.640 m, f/7.5) with holographic gratings of 1800 grooves‚mm -1 . The detection system was a nonintensified CCD (Charge Coupled Device) and the entrance slit was set to 300 µm.
The 514.5 nm line of an Ar + laser (Coherent, model Innova 300) was used as excitation radiation, providing 100-120 mW at the sample position. Samples were sealed in Kimax glass capillary tubes of 0.8 mm inner diameter. Under the abovementioned conditions, the error in wavenumbers was estimated to be within 1 cm -1 .
2.3. Ab Initio MO Calculations. The ab initio calculations were carried out with the GAUSSIAN 98W program, 25 within the density functional theory (DFT) approach, using the B3LYP method, [26] [27] [28] [29] [30] [31] which includes a mixture of Hartree-Fock (HF) and DFT exchange terms. The gradient-corrected correlation functional was used 32, 33 (parametrized after Becke 34, 35 ), along with the double-split valence basis sets 6-31G* 36 and 6-31G**. 36, 37 Only the geometries with all skeletal dihedral angles equal to 180°(all-trans) were considered in the present work. Molecular geometries were fully optimized by the Berny algorithm, using redundant internal coordinates: 38 the bond lengths to within ca. 0.1 pm and the bond angles to within ca. 0.1°. The final root-mean-square (rms) gradients were always less than 3 × 10 -4 Hartree‚bohr -1 or Hartree‚radian -1 .
The calculated INS transition intensities were obtained as previously reported, 23 using a program written by Chris Middleton, of Syracuse University, Syracuse, NY. The bandwidths of the calculated spectra were adjusted by inspection, on a sample by sample basis, to provide the best agreement with the experimental data. 
Reagents.
The polyamines were purchased from SigmaAldrich. The deuterated compounds were obtained by mixing the amines with D 2 O (ca. 10% excess) and distilling under vacuum (this process being repeated at least three times). The solid amines were purified by sublimation, while the liquids were distilled under vacuum. All the samples being air or moisture sensitive, they were always handled in a glovebox under an argon atmosphere.
Results and Discussion
This kind of linear polyamine molecules can adopt different conformations, by varying the dihedral angles that determine their overall orientation. The most common geometries have skeletal dihedral angles near 60°(gauche), 180°(trans), and -60°(gauche′). Intramolecular (N)H‚‚‚:N and (C)H‚‚‚:N hydrogen bonds determine the conformational preferences of these compounds, as previously confirmed by both ab initio methods and Raman spectroscopy for molecules as liquids and aqueous solutes. [19] [20] [21] However, the crystal packing of the polyamines in the solid state, which corresponds to the present study, is . not compatible with conformations displaying this kind of intramolecular close contacts. Thus, only the all-trans conformers ( Figure 1 ) are expected to occur. Under these conditions the polyamines behave very much as saturated linear alkanes, for which the all-trans conformation has long been recognized as energetically the most favored. 39 Moreover, at physiological pH these amines are totally protonated, which renders them into polycationic species and hinders the formation of either (N)H‚‚‚:N or (C)H‚‚‚:N intramolecular contacts.
In the absence of intramolecular hydrogen-bond interactions in these totally extended amines, only three effects are relevant (4) in determining conformation: intermolecular H-bonds and electrostatic and steric forces. The former are prone to be rather strong, given the linear geometry of our samples and the strong directional nature of the hydrogen bonds. 40, 41 Previously performed conformational studies on both small R,ω-diamines (H 2 N(CH 2 ) n NH 2 , n ) 2-4) and similar linear polyamines 19-21 allowed us to corroborate that the all-trans is the predominant or even the sole conformation for this kind of molecules in the solid state. These conformational preferences also apply to the larger spermidine (triamine) and spermine (tetramine), despite the stronger possibility of formation of intramolecular (N)H‚‚‚:N and/or (C)H‚‚‚:N bonds in these systems. In fact, it was verified that, in the solid, intramolecular interactions are overruled by intermolecular ones. Thus, the DFT calculations, carried out in the present work in view of helping the assignment of the vibrational patterns of the polyamines, were performed only for their linear, all-trans configuration. The homologous series of diamines, H 2 N(CH 2 ) n NH 2 , exhibit C 2h symmetry for even values of n, while the molecules with n ) odd belong to the C 2V symmetry point group. Spermidine and spermine, in turn, display a much lower symmetry (C 1 and C 2 , respectively). Both total geometry optimization and calculation of the harmonic vibrational frequencies and intensities were undertaken for the normal and the N-deuterated species (tables available from the authors upon request). The 6-31G* basis set was used systematically, after verifying that consideration of polarization functions on the hydrogen atoms did not pay for the 3-fold increase in computational requirements. As was seen in previous studies on similar systems, 20 DFT calculations carried out at the B3LYP/6-31G* level display a good correlation with the MP2/6-31G** results.
Both INS and Raman experiments were conducted on samples in the solid state. Deuteration of the samples saw the observation of the anticipated shifts to lower frequencies (in both INS and Raman) as well as the loss of some INS intensity for the bands assigned to the vibrational modes of the ND 2 group, as a consequence of the variations in both mass (frequencies) and scattering cross-section (INS intensities). In the INS spectra, this is clearly observed for the bands at ca. 1370 vs 1000 cm -1 (NH 2 /ND 2 twisting modes) and at ca. 950 vs 730 cm -1 (NH 2 / ND 2 wagging) (Figure 2) . The most characteristic changes in the Raman pattern, in turn, are detected, as expected, for the amine torsional (ca. 390 vs 280 cm -1 ), scissoring (ca. 1650 vs 1200 cm -1 ), and stretching (ca. 3300 vs 2400 cm -1 , Figure 3) bands. Also, a wavenumber shift to lower energies is found (in both Raman and INS), in agreement with the theoretical results, for some of the LAM modes: those associated with a significant change in the CCN angle (Tables 1-6, Tables IS-VIS ). In the Modes (LAM's) for the H 2 N(CH 2 ) n NH 2 (n ) 2-10, n ) 12 
case of 1,10-diaminodecane, for instance, LAM 5, which is hardly detected in the Raman spectrum (very weak band close to LAM 3), is clearly observed in the N-deuterated amine, due to this shift to lower frequencies displayed by LAM 3 upon deuteration (Table VS) . The agreement between the INS experimental and calculated spectra showed to be rather good above 250 cm -1 (Figures 4  and 5) , with the exception of the torsional modes of the amine terminal groups (discussed below).
A complete assignment of the LAM's for the whole series of homologous amines under study (including their N-deuterated forms) is given in Tables 7 and 8 . This was carried out by comparison with the ab initio results and the analogous data obtained for the 5-25 n-alkanes. 23 It was verified that all the LAM's have the same INS intensity, their number increasing with chain length and the frequency of LAM 1 (accordion mode) being inversely proportional to this length (Tables 7 and 8 , Figure 6 ).
The INS experimental LAM's observed for these polyamines are in good accordance with the LAM's of the corresponding n-alkanes 23 (Figure 7) , which supports the idea of a significant conformational similarity (in the solid state) between these two sets of compounds. In the n-alkanes the CH 3 torsions appear as isolated and intense features around 250 cm -1 (e.g., Figure 7 , D 2 N(CH 2 ) n ND 2 (n ) 2-10, n ) 12) Diamines, Spermidine-N-d 5 and Spermine-N-d , at 20 K) for some H2N(CH2)nNH2 diamines.
band at 247 cm -1 ). They are best described as vibrations involving most of the alkane backbone and description in terms of the torsions of isolated CH 3 groups is inadequate. However, these vibrational modes obviously do not involve all of the CH n units in the alkane; otherwise, the vibration would be part of the set of transverse modes in these systems, which appears below 200 cm -1 . In turn, in the polyamines studied (except for 1,2-diaminoethane) the torsional mode of the amine terminal groups is not clearly observed above 210 cm -1 , as would be expected from the theoretical calculations, which suggests that the occurrence of R-HN-H‚‚‚NH 2 -R intermolecular interactions completely changes the nature of that vibration, from a chain mode to a localized torsion, restricted to the NH 2 groups alone.
It should be stressed, however, that the nonobservation of the NH 2 torsion modes in INS, for most of the polyamines studied in the present work, constitutes an unexpected result. A possible explanation for this is now put forward. The fact that 1,2-diaminoethane appears as an exception, as both τ NH2 A u (409 cm -1 ) and B g (432 cm -1 ) bands are distinctly detected ( Figure 6 ) as well as a third band at 522 cm -1 , is interpreted considering the presence of dimers in the solid for this small molecule. In fact, 1,2-diaminoethane having such a short alkylic chain between the two amine terminal groups will not be prone to form polymeric structures, due to an inefficient electronic charge delocalization through the carbon skeleton upon formation of intermolecular H 2 N‚‚‚H interactions simultaneously in both ends of the molecule, the dimeric species being the most favorable one in the solid state. The three distinct INS features are thus assigned to the hydrogen-bonded (central) NH 2 groups (522 cm -1 ) and to the (terminal) NH 2 moieties not engaged in intermolecular hydrogen close contacts (409 and 432 cm -1 ). While the nondegeneracy of the lowest energy τ NH2 modes is predicted, for this particular molecule alone, by the theoretical results (∆ν of 39 cm -1 , Table 1 ), the band at higher frequency is not found by the calculations. In the case of 1,3-diaminopropane and the larger diamines now investigated, in turn, oligomeric forms are probable to occur in the condensed phase, both NH 2 groups being thus involved in intermolecular hydrogen bonds, which would explain why only one band (H-bonded NH 2 ) is detected in the INS spectra (at ca. 530 cm -1 , for H 2 N(CH 2 ) n NH 2 n ) 3-5, Tables 2-4). As the chain lengthtens, a clear and progressive intensity decrease of this feature is observed, until it completely disappears, for 1,6-diaminohexane (Table IS) , due to the smaller and smaller relative weight of the amine hydrogens in the molecule (Figure 6 ). This hypothesis is corroborated by INS results obtained for similar linear monoamines, according to which a weak τ NH2 band is detected, for the shorter molecules only, at a frequency near to the one ascribed to the H 2 N‚‚‚H groups in the H 2 N(CH 2 ) n NH 2 systems discussed above (e.g., 525 cm -1 for n-propylamine).
Through analysis of the Raman spectra of the whole series of molecules it was verified that τ NH2 displays a shift to lower frequencies as the polyamine increases, for the even-and oddmembered molecules, separately (Tables 1-6, Tables IS-VIS , Figure 8 ). This variation of the torsional oscillations of the chain can be explained by a loosening effect as it gets longer, which is clearly more significant for an increase in chain length from n ) 2 to n ) 9 ( Figure 8, lines a and b) . In fact, for the larger molecules studied, the shift to lower energies detected in the Raman spectra is much smaller (Figure 8, line c) . This can be explained by the occurrence of intermolecular R-HN-H‚‚‚ NH 2 -R close contacts at the terminal NH 2 groups of the chain. This type of interaction is present in some crystals, 42, 43 one amine donating a proton to a neighbor and in turn accepting another proton from a third molecule. Actually, a clear shift of τ NH2 to higher wavenumbers, when going from the liquid to the solid state, was previously observed in small primary amines 19, 44 (e.g., 341 to 430 cm -1 for 1,2-diaminoethane 19 ). This vibrational mode is, in fact, highly sensitive to intermolecular interactions, which are strongly dependent on the physical state of the sample, varying in the order: gas (isolated molecule) , liquid < solid. Also, it was now verified that this shift to higher energies decreases considerably as the polyamine chain lengthens (as described above), due to a weakening of the top-to-top close contacts between neighboring molecules as the number of carbons increase. The observed n-even/n-odd dependence of the τ NH2 mode (Figure 8, lines a and b) may, in turn, be due to changes in their crystal structure with the parity of the molecules, similarly to what has been previously recognized for nalkanes 45, 46 (namely the tighter packing of the even-membered chains relative to the odd-membered ones).
For the N-deuterated molecules, no significant wavenumber changes were detected for the amine torsional mode (Tables  1-6, Tables IS-VIS) , probably due to the weaker R-DN-D‚‚‚ND 2 -R intermolecular interactions. However, the τ ND2 Raman bands for odd-membered molecules are consistently observed at ca. 15 cm -1 higher frequencies relative to the evenmembered ones. Moreover, a shift of ca. 100/50 cm -1 to lower frequencies is detected between the observed and calculated Raman τ NH2 /τ ND2 wavenumbers, respectively. Also, the τ NH2 steady displacement associated with the increase of the polyamine chain (Figure 8) is not predicted by the theoretical calculations. In fact, the vibrational consequences of the intermolecular hydrogen bonds occurring in this kind of systems cannot be captured by the isolated-molecule calculations used along the present study, which readily explains the above-mentioned discrepancies between calculated and experimental data.
A further consequence of the presence of H-bonding is the lowering of the N-H stretching modes and the concomitant wavenumber increase of the C-N-H deformations. This is quite a typical amine behavior and has been repeatedly reported for small, linear amines, for both the terminal and central nitrogen atoms 14, 19, 47, 48 (namely when going from the liquid to the solid state) and corroborates the results now obtained for the larger polyamines.
When the experimental INS and Raman data are compared (Figure 9 ), it is easily verified that while all the LAM's are detected by INS, in the Raman spectra, only the first LAM band is distinctly observed for all the polyamines studied. In fact, most of the higher number LAM's are either very weak or symmetry forbidden transitions in Raman spectroscopy. As the molecules get larger, however, more LAM's are progressively detected and the ones with the same number of nodes become more and more distinct (e.g., LAM 3, Figure 9 ).
Conclusions
The complementary use of both Raman and INS spectroscopies in the present work allowed the assignment of all the LAM's for the polyamines studied (H 2 N(CH 2 ) n NH 2 (n ) 2-10 and n ) 12), spermidine and spermine) both for their undeuterated and N-deuterated forms. In fact, INS is very useful for the analysis of the frequency range below 600 cm -1 , where it displays a clear and intense vibrational pattern, while above around 1800 cm -1 its spectral quality begins to deteriorate. Raman spectroscopy comes into its own again in this region, thus being particularly useful for the analysis of CH and NH/ND stretching modes.
For the linear polyamines under study, the lowest energy conformation, in the solid state, was found to be the all-trans one. The DFT calculations performed at the B3LYP/6-31G* level adequately mimicked this kind of systems, leading to a particularly good agreement between the calculated and experimental spectra. This allowed a confident assignment of the observed Raman and INS patterns.
The present study contributes to a better understanding of the conformational behavior of linear polyamines, which, in the solid state, is strongly determined by the occurrence of intermolecular R-HN-H‚‚‚NH 2 -R hydrogen-type interactions, mainly at the terminal NH 2 groups of the chains. This kind of close contact was found to give rise either to infinite chain polymeric forms or to dimeric species, in the case of 1,2-diaminoethane.
The knowlegde of the structural preferences of biogenic polyamines is of utmost importance for the design of complexes displaying this kind of molecule as linkers between metal centers (e.g., Pt(II) or Pd(II)), which have been found to act as rather efficient anticancer agents (often even overcoming the cytotoxic effect of the drugs under clinical use).
